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We consider electron tunneling from a nonmagnetic n-type semiconductor (n-S) into a ferromagnet
(FM) through a very thin forward-biased Schottky barrier resulting in efficient extraction of electron
spin from a thin n-S layer near FM-S interface at low spin polarization of the current. We show that
this effect can be used for an efficient polarization radiation source in a heterostructure where the
accumulated spin polarized electrons are injected from n-S and recombine with holes in a quantum
well. The radiation polarization depends on a bias voltage applied to the FM-S junction.
The desire of building scaleable devices using an elec-
tron spin created a new field of spintronics [1]. Some
spintronics effects, like a giant magnetoresistance of mul-
tilayers and tunnel structures [2–4], already found many
applications. Of particular interest is an injection of
spin-polarized electrons into nonmagnetic semiconduc-
tors (NS) because of a long spin-relaxation time [1,5]
and a prospect of using this phenomenon for ultrafast
spintronic devices and possibly quantum computers [1].
Different ferromagnet-semiconductor-ferromagnet (FM-
S-FM) structures have been suggested including those
where electron spin is affected by an applied electric field
[6], an external magnetic field [7], or a magnetic field
produced by a nanowire current [8]. All these devices are
controllable spin valves where one of FM-S junctions acts
as a spin source and another one as a spin filter. The lat-
ter efficiently transmits electrons with a certain spin pro-
jection and reflects electrons with the opposite spin. The
spin polarization of photoexcited electrons in NS, some
effects and devices due to spin reflection off a ferromag-
net have been studied in Refs. [9]. Spin injection from
magnetic semiconductor in NS has been reported in Refs.
[10]. Spin accumulation and extraction from NS was pre-
dicted in Ref. [11] in forward-biased p-n junctions con-
taining magnetic semiconductors and observed recently
in MnAs/GaAs junction [12]. Spin injection from FM
into NS was demonstrated in Refs. [13,14]. Optimal con-
ditions of the spin injection from FM into NS have been
discussed in Refs. [7,8,15–20].
The injection of spin polarized electrons from FM into
NS is determined by a current in a reverse-biased FM-
S Schottky junction. Such a current is negligible due
to a high Schottky barrier usually forming at FM-S in-
terface [21]. Therefore, an ultrathin heavily doped in-
terfacial semiconductor layer (δ−doped layer) is used to
thin down the barrier considerably and increase the cur-
rent [14,7,8,18,19]. The conditions for the most efficient
spin injection in a reverse-biased FM-S junction have
been studied in Refs. [18,7,8,19]. In forward-biased FM-S
Schottky junctions, thermionic emission current reaches
large values at a bias voltage V close to ∆/q, where ∆ is
the barrier height and q the elementary charge. Realiza-
tion of the spin injection due to such a current is prob-
lematic since electrons in FM with an energy E = F +∆
are weakly spin polarized (F is the Fermi level in FM).
Recently we considered a forward-biased FM-S junction
with a δ−doped layer and showed [20] that tunnelling
of electrons from a NS into a FM through the δ−doped
layer can result in efficient extraction of electrons with a
certain spin and accumulation of electrons with the op-
posite spin in NS near the interface.
In this paper we consider a structure containing a FM-
S junction with the δ−doped layer and a double p−n′−n
heterostructure where n′-region made from narrower gap
semiconductor, Fig. 1. We show that the following effects
can be realized in the structure when both FM-S junction
and the heterostructure are biased in forward direction
and electrons are injected from n-semiconductor region
into FM and p-region. Due to a spin selection property
of FM-S junction [20], spin polarized electrons appear in
n-region with a spatial extent L <∼ Ls near the FM-S
interface, where Ls is the spin diffusion length in NS.
When thickness of the n-region w is smaller than L, the
spin polarized electron from the n-region and holes from
p-region are injected and accumulated in a thin narrow-
gap n′-region (quantum well) where they recombine and
emit polarized photons. The degree of the polarization P
depends on the bias voltage of FM-S junction, V , since
different V correspond to electron states in FM with dif-
ferent polarization [see curve for x < 0 in Fig. 1(c)].
Thus, the structure allows to study the dependence P (V )
and find the optimal bias V such that the polarization of
spin and radiation is maximal.
Let us now consider these effects in greater detail. The
spatial distribution of a spin density in a semiconductor
is determined by the continuity equation [15,17]
∇Jσ = qδnσ/τs, (1)
where Jσ is the current of electrons with spin σ =↑, ↓,
δnσ = nσ − n/2, n and τs are the density and the spin-
relaxation time of electrons in the n-semiconductor re-
gion. In Ref. [20] we showed that a tunneling current in
1
FIG. 1. Schematic (a) of structure and the band diagram
of polarized photon source containing FM-S junction with
δ−doped layer and a double n+−n′−p heterostructure with-
out (b) and under the bias voltage V . Minority spin electrons
are extracted from n+ − S semiconductor layer and the re-
maining (majority) electrons are recombined in n′ − S quan-
tum well. F is the Fermi level, ∆ the height and l the thick-
ness of the δ−doped layer, ∆0 the height of a barrier in the
n−type semiconductor, Ec(x) the bottom of conduction band
in the semiconductor. The spin density of states is shown at
x < 0, with a high peak in minority states at E = F + ∆0,
typical of elemental Ni, as an example.
a forward-biased FM-S junction with the δ−doped layer
is
J = Jmγ, γ = 1− e−qVFS/T , (2)
Jm = 1.6(1− P 2F )(d↑ + d↓)nqvTDt, (3)
the current of electrons with spin σ =↑ near the interface,
and J↑0 ≡ J↑(0), given by
J↑0 =
J
2
(1 + PF ) (γ + Pn0)
γ + PFPn0
, (4)
and the distribution of δn↑(x) = −δn↓(x) is character-
ized by a length L = (1/2)(
√
L2E + 4L
2
S − LE), where
Ls =
√
Dτs and LE = µτsE = LsJ/Js are the diffusion
and the drift lengths of electron spin in the NS, respec-
tively [15,17]; D and µ are the diffusion constant and
the mobility of electrons, and E = J/qµn is the electric
field in S. We have introduced JS ≡ qDn/Ls, the tunnel-
ing transparency of the modified FM-S junction Dt ≃ 1
[7,8,20], the spin polarization of nonequilibrium electrons
near interface that defines the degree of spin extraction
from S, Pn0 = [n↑(0) − n↓(0)]/n = 2δn↑0/n, the spin
factor dσ = vT vσ0(v
2
t0 + v
2
σ0)
−1, and the effective spin
polarization characterizing spin selection of the modified
FM-S junction [7,8,20]
PF =
d↑ − d↓
d↑ + d↓
=
(v↑0 − v↓0)(v2t0 − v↑0v↓0)
(v↑0 + v↓0)(v2t0 + v↑0v↓0)
. (5)
Here vσ0 = vσ(F +∆0+ qVFS) is the velocity of electron
with spin σ in the FM, vt0 =
√
2(∆−∆0 − qVFS)/m∗
the tunneling “velocity” in the NS, vT ≡
√
3T/m∗ and
m∗ are the thermal velocity and the effective mass of
electrons in NS, VFS the voltage drop across the FM-S
interface, ∆ is height of potential barrier at FM-S inter-
face, ∆0 = Ec0 − F , Ec0 the bottom of conduction band
in n-region in equilibrium, Fig. 1(b).
The conditions for maximal polarization are obtained
as follows. When the thickness of n-region is w < L,
we can assume that δn↑(x) ≃ δn↑0 and Pn ≃ Pn0. In
this case, integrating Eq. (1) over the volume of the n-
semiconductor region (with area S and thickness w), we
obtain
I↑FS + I↑pn − Ic↑ = qδn↑0wS/τs = Pn0ISw/2Ls. (6)
Here IS = JSS; I↑FS = J↑0S and I↑pn are the elec-
tron currents with spin σ =↑ flowing into the n-region
from FM and the p-region, respectively; I↑c is the spin
current out of the n-region in a contact, Fig. 1(a).
The current I↑pn is determined by injection of electrons
with σ =↑ from the n-region into the p-region, equal to
I↑pn = Ipnn↑0/n = Ipn(1+Pn0)/2, where Ipn is the total
current in the p− n junction. The current of metal con-
tact Ic is not spin polarized, hence Ic↑ = (Ipn + IFS)/2,
where IFS is the total current in FM-S junction. Thus,
we can rewrite (6) with the use of Eq. (4) as
Pn0 = −γPF + Pn0(γ + Pn0PF ) (ISw/Ls − Ipn) I−1FS .
(7)
The current in FM-S junction IFS approaches a maximal
value Im = JmS at rather small bias, since γ ≃ 1 at
qVFS > 2T (2). When Ipn ≪ IFS ≃ Im and Im ≫
ISw/Ls,we get from Eq. (7) Pn0 ≃ −PF .
The way to maximize PF is evident from Eq.(5) show-
ing that it depends on vσ0 = vσ(∆0 + qVFS) and vt0 =√
2(∆−∆0 − qVFS)/m∗, i.e. it corresponds to an elec-
tron energy E = Ec0 + qVFS > F , Fig.1. Therefore,
PF depends on bias voltage VFS of FM-S junction and
one may be able to maximize a spin extraction and ac-
cumulation by adjusting VFS . The maximal |Pn0| can be
achieved for the process of electron tunneling through the
2
δ-doped layer when the bottom of conduction band in a
semiconductor Ec = F +∆0 + qVFS is close to a peak in
the density of states of minority carriers in the elemental
ferromagnet, Fig. 1(c, curve g). Indeed, the density of
states g↓ ∝ v−1↓0 for minority d-electrons in Fe, Co, and
Ni at E = EF + ∆↓ (∆↓ ≃ 0.1 eV) is much larger than
that of the majority d−electrons, g↑, and s−electrons, gs
[22]. Therefore, due to g↓ ≫ g↑ ≫ gs the polarization
|Pn0| ≃ PF may be close to 100%.
Polarization of injection luminescence is determined by
recombination of injected spin polarized electrons and
holes inside the n′-region of the double p − n′ − n het-
erostructure of thickness d ≪ Ls, Fig. 1. The injection
current of electrons with σ =↑ into the n′-region is
I↑pn = Ipn(1 + Pn0)/2 = qδn
′
↑d/τ
′
s + qn
′
↑d/τn, (8)
where n′↑,↓ = n
′/2 ± δn′↑ is the density of electrons with
spin σ =↑, ↓, n′ = n′↑ + n′↓, τ ′s (τn) is the time of spin
relaxation (recombination) of electrons in the n′-region.
We notice that in III-V compound semiconductors, in-
cluding GaAs and GaAlAs, there are light holes with
spin σ = ±1/2 and heavy holes with spin σ = ±3/2.
Recombination of light and heavy holes with electrons
having spin σ = 1/2 results in radiation of photons with
an opposite polarization (l = −1). To exclude this unde-
sirable effect, the thickness d and the hole potential well
in the narrow-gap n′-region, Fig. 1, should be such that
the light holes, unlike the heavy holes, cannot be local-
ized inside the well. In this case we can neglect the light
holes, assuming that the concentration of heavy holes
in the well is much larger than that of the light holes.
Then, the rate of polarized radiation recombination is
Rσ = qn
′
σd/τR and the polarization of radiation is p =
(R↑−R↓)/(R↑+R↓) = 2δn′↑/n′. Since Ipn = qn′d/τn, we
find from (8) that 2δn′↑/n
′ = Pn0τ
′
s(τ
′
s + τn)
−1, so that
p = Pn0τ
′
s(τ
′
s + τn)
−1. Thus, the radiation polarization p
can approach maximum p ≃ |PF | at large current I ≃ Im
when τ < τ ′s. The latter condition can be met at high
concentration n′ when the time of radiation recombina-
tion τR ≃ τn < τ ′s. For example, in GaAs τR ≃ 3×10−10s
at n >∼ 5 × 1017cm−3 [23] and τ ′s can be larger than τR
[1,5].
We emphasize that spin polarization of current near
a forward-biased FM-S junction is very small. Indeed,
according to Ref. [20] Pj0 = (I↑0 − I↓0)/(I↑0 + I↓0) =
PFLIs/LsIm ≪ PF at Im ≫ Is as L < Ls Thus, po-
larization of the recombination radiation would be high,
p = |PF |, while the spin polarization of current in FM-S
junction is low.
Practical structures may have various layouts, with
one example shown in Fig. 2. It is clear that the dis-
tribution of δn↑(r) in such a two-dimensional structure
is characterized by the length L <∼ Ls in the direction
x where the electrical field E can be strong, and by the
diffusion length Ls in the (y, z) plane where the field is
FIG. 2. Layout of the structure from Fig. 1, including FM
layers and semiconductor n- and p-regions. Here n′ is made
of a narrower gap semiconductor, δ−doped layers are between
FM layers and n-semiconductor. FM layers are separated by
thin dielectic layers from p-region.
weak. Therefore, the spin density near FM and p − n
junctions will be close to δn↑0 when the size of p-region
is d < Ls. Thus, the above derivation and results for
one-dimensional structure, Fig. 1, are also valid for more
complex geometry shown in Fig. 2. The predicted ef-
fect should also exist for a reverse-biased FM-S junction
where the radiation polarization p can approach +PF .
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